Population monitoring is key to wildlife conservation and management but is challenging at the 18 spatial and temporal extents necessary for understanding changes. Non-invasive survey methods 19 and spatial capture-recapture (SCR) models have revolutionized wildlife monitoring by 20 providing the means to more easily acquire data at large scales and the framework to generate 21 spatially-explicit predictions, respectively. Despite the opportunities for improved monitoring, 22
challenges can remain in the study design and model fitting phases of an SCR approach. Here, 23
we used a search-encounter design with multi-session SCR models to collect spatially-indexed 24 photographs and estimate the changes in density of cheetahs between 2005 and 2013-2016 in the 25 Masai Mara National Reserve (MMNR) in southwestern Kenya. Our SCR models of cheetah 26 encounters suggested little change in cheetah density from 2005 to 2013-2016, though there was 27 some evidence that density fluctuated annually in the MMNR. The sampling period length (5 vs. 28 10 months) and timing (early, late, full year) over which spatial encounters were included in the 29 modeling did not substantially alter inferences about density when sample sizes were adequate 30 (>20 spatially distinct encounters). We estimated an average cheetah density of ~1.2 31 cheetahs/100 km 2 , consistent with the impression that the MMNR provides important habitat for 32 cheetahs in Africa. During most years and seasonal periods, the spatial distribution of vegetation 33 greenness (a proxy for ungulate habitat quality) accounted for important variation in encounter 34 rates. The search-encounter design used here could be applied to other regions for the purposes 35 of cheetah monitoring. While snap-shot estimates of population size across time are useful for 36
Despite the opportunities for improved monitoring, challenges can remain in the study 70 design and model fitting phases of a spatial capture-recapture approach. Sampling efforts may 71 not yield enough unique spatial locations per individual to enable model fitting (Becker et al. 72 2017), unless some type of auxiliary data is integrated (e.g., telemetry; Sollmann et al. 2013) . 73
Longer survey durations can be used to acquire more captures or encounters, at the expense of 74 potentially violating assumptions regarding population closure (i.e., no births, deaths, 75 immigrants/emigrants during sampling). The timing and duration of surveys will dictate the 76 scope of the population being assessed, dependent on which individuals are available for 77 sampling (e.g., residents vs. dispersers) and can meet assumptions of the observation process. 78
Resource selection at one or more spatial scales can affect model inferences if not properly 79 incorporated, particularly if it results in unmodeled heterogeneity in the encounter process 80 (Royle et al. 2013 , Linden et al. 2018 . And small sample sizes, even when large enough to 81 enable model fitting, may yet afford little power for accommodating relevant variation in one or 82 more parameters which can reduce accuracy and precision of the resulting estimates (Sollmann 83 et al. 2013 ). Most of these design and modeling considerations are important for any animal 84 sampling and population estimation approach, and we note that explicitly modeling the sampling 85 process does not necessarily obviate critical assumptions regarding how data were collected and 86 what the data represent. For these reasons and others, it is prudent that researchers design robust 87 monitoring schemes, use multiple lines of evidence, and temper any conclusions from 88 monitoring data when making inferences that will guide conservation and management of large 89 carnivore populations. 90
Here, we used a search-encounter design with SCR models (sensu Royle Bro-Jorgensen et al. 2008). We hypothesized that cheetahs would be encountered more 116 frequently in areas with high variation where vegetation changed drastically across the year in 117 response to moisture (e.g., short grass), compared to low variance regions with relatively 118 constant conditions (e.g., riparian forest or bare ground). We also compared inferences between 119 5-month (both an early and late season) and 10-month sampling periods to explore tradeoffs in 120 the acquisition of encounters while trying to meet population closure assumptions. 121
Our earlier initial modeling efforts suggested a >50% decline in cheetah density between We systematically searched for cheetahs in the MMNR from January to October in 2005 141
and each year during 2013-2016 by dividing the MMNR into 6 sampling blocks roughly equal in 142 size ( Figure S1 ). Searches occurred between 0500 and 1900 h, during which time observers (1 143 or 2) drove throughout one block looking for cheetahs in a single vehicle, periodically stopping 144 and scanning the surrounding landscape with binoculars (Caro 1994 ). Main roads were followed 145 when convenient but considerable time was spent off-road to cover all accessible areas of each 146 block; survey effort was calculated as the number of hours spent searching a block on a given 147 date. When a cheetah was sighted, we drove within 50 m of an individual or group of 148 individuals and photographed both sides of each animal and recorded geographic coordinates, 149 sex and age class. We identified each individual using the distinct pelage and tail ring patterns 150 (Caro and Durant 1991) and limited our modeling to adults. 151
We acquired spatial raster data from the Famine Early Warning System Network hosted 152 by the USGS/EROS Data Center (https://earlywarning.usgs.gov/fews/). The data included 153 250 m resolution grids with 10-day NDVI values observed across each year (36 for a given year) 154 for a region spanning most of East Africa. We calculated the standard deviation in NDVI value 155 within a given year to approximate the seasonal variation within a given grid cell. The mean encounter rate λij was modeled as a function of several variables specific to an 176 individual and grid cell. We considered differences among years to account for potential factors 177 related to observers and the space-use of individual cheetahs in a given year. We also considered 178 two grid cell covariates for λij: 1) the annual variance in NDVI for each year (standardized within 179 the year to have mean = 0 and unit variance); and 2) the log-transformed fraction of hours spent 180 searching a grid cell, given its location within 1 of the 6 search blocks. We included quadratic 181 functions for NDVI that were year-specific to accommodate resource selection by cheetahs in 182 response to spatial-temporal differences in vegetation within the Mara across years. The effect 183 of search effort was constrained similar to a Poisson offset, though we estimated a regression 184 coefficient instead of assuming it was 1. As such, we modeled the log-linear encounter rate (λij) 185 (range: 513-790) for the early 5-month period and 820 (range: 573-989) for the late 5-month 10 period (Table 1) . Compared to either 5-month period, the increased sampling effort for the full 249 10 months always resulted in greater numbers (within a given year) of unique individuals 250 encountered (median across years: full = 32, early = 20, late = 23), total encounter events (full = 251 101, early = 40, late = 60), and spatially distinct encounters (full = 58, early = 18, late = 28). 252
The observed sex ratios were variable depending on the year and sampling period, though on a 253 whole the median ratio was 1:1. We plotted the unique individuals encountered each year 254 according to the midpoint ordinal date of their encounters, indicating the sampling period(s) in 255 which they were observed (Figure 2) . The patterns indicated similar ratios of females to males 256 observed during all sampling period definitions. 257
The spatial capture-recapture models indicated similar patterns in density variation over 258 time (Table 2- estimates was better for the 10-month sampling period, particularly with regards to the 265 coefficients of variation (Table 3) . Regardless of the sampling period, density estimates with a 266 CV <0.30 could be achieved with >20 spatially distinct encounters (Figure 4) . 267
The relationships between encounter rate and NDVI variance were variable across years 268 and across sampling periods within a year (Table 2; Figure 5 ). For most years and sampling 269 periods, the maximum encounter rates occurred at mid to high values of relative NDVI variance. 270
The early period in 2016 was the primary exception, suggesting higher encounter rates for Therefore, it is actually unclear whether cheetah density has declined in the MMNR during the 309 past 10+ years. This uncertainty highlights the value of long-term monitoring programs, but also 310 of monitoring designs that can estimate population size with useful precision. Our population 311 modeling was limited to adult cheetahs and many individuals were encountered during only a 312 portion of the year (Figure 2) , therefore, population fluctuation in the MMNR is likely due to 313 variable movement between the reserve and surrounding areas (e.g., Serengeti National Park). 314
The magnitude of individual movements in cheetahs could make annual density an erratic 315 statistic for an area the size of the MMNR (1510 km 2 ), especially in the presence of non-resident, 316 "floater" males (Caro 1994) . Density estimation from SCR modeling is generally robust to 317 transient individuals, though such movement dynamics could be explicitly modeled (Royle et al. 318 2016) . 319
Based on the estimate of σ from the distance function, the mean 95% space use or home 320 range area ranged from ~450 to ~1,200 km 2 in the MMNR. Cheetah home ranges can be similar 321 in size for males and females and overlap in areas where prey are non-migratory (Broomhall et 322 al. 2003) . In contrast, where ungulate prey are migratory, home ranges are comparatively larger 323 with males forming small territories and females exhibiting roving behaviors (Caro 1994) . 324
Although there is a seasonal influx of migrant herbivores into the MMNR each year (Bell 1971 , 325 Stelfox et al. 1986 , Sinclair and Norton-Griffiths 1995 , resident herbivores are also present year-326 round in relatively high numbers. Thus, movements by cheetahs in the MMNR may be better 327 predicted by interspecific competition with other large carnivores (Broekhuis et al. 2013) or the 328 direct and indirect effects of people, rather than habitat suitability or prey populations. We 329 caution any interpretation of the 95% space use approximation given the circular assumption of 330 the bivariate normal distribution for σ (Royle et al. 2014 ). In addition, cheetah space use has 331 been shown to be highly concentrated within a small portion of the home range (~14% of the 332 total area), even for individuals that otherwise occupy large areas (Marker et al. 2008) . 333
Several differences between our study and that of Broekhuis and Gopalaswamy (2016; 334 hereafter, B&G) warrant discussion, given the similarity in our approaches to collecting and 335 modeling spatial encounters of cheetahs in the Mara. First, B&G modeled the daily encounter 336 probability over 90 days of sampling, while we summed our encounters over the relevant 337 sampling period (5 or 10 months) and treated the counts as a Poisson random variable; given the 338 low rates of encounter, these choices should have had a negligible influence (Royle et al. 2014 ).
Second, our definitions of effort differed and B&G's approach was preferable: using GPS tracks 340 to define exactly which areas were searched. We did not have GPS track records for 2005 and 341 instead attempted to systematically search pre-defined sections (i.e., blocks) of the MMNR for 342 various lengths of time; such a definition of effort is approximate at best, though blocks were 343 searched thoroughly when visited. Third, we observed a fairly even sex ratio of cheetahs that 344 remained constant over the 5 years of surveys and is consistent with previous research in the 345 Mara-Serengeti (Kelly et al. 1998 ). The extremely skewed ratio observed by B&G (F:M = 5:1) 346 was potentially an artefact of a low sample size and short survey duration (3 months), though it 347
should also be noted that most of their survey effort was in the conservancies to the north of the 348 MMNR. Finally, B&G estimated a difference in the scale parameter (σ) between females and 349 males; early data exploration here did not support such differences in our study, both given the 350 observed maximum distances moved and preliminary estimates of σ from models with sex-351 specific parameters. Despite these differences, the close similarity in cheetah density estimates 352 provides empirical support to the robustness of SCR modeling (Royle et al. 2014) . 353
Improvements to the design of our search-encounter survey could make the effort more 354 efficient and useful in other parts of the species range. We thinned almost 1/3 of our observed 355 cheetah encounters before fitting the SCR models because of uneven effort across space and 356 time. Ideally, areas would be searched with regular periodicity to ensure that inferences 357 regarding individual movement matched in temporal scale at all spatial locations. This is 358 typically the case for other common methods of collecting spatial encounters (e.g., camera 359 trapping), where traps are operated on regular intervals (Royle et al. 2014 ). The problem of 360 sampling regularity would be most acute for transient individuals; for example, 5 consecutive 361 days of effort in a given location could yield a very different collection of encounters than 5 days 362 spread across several months. Uneven spatial sampling makes the interpretation of posterior 363 density surfaces from SCR models especially problematic and prone to artefacts (Efford 2018a), 364 relegating the identification of "hot spots" (e.g., Broekhuis and Gopalaswamy 2016) to random 365 error. Finally, the ability to traverse the landscape and get close enough to individuals for high 366 quality photographs could limit the application of this survey to certain regions (e.g., protected 367 areas). While long-range camera lenses may provide expanded opportunities for monitoring, it 368 could still be difficult to clearly photograph both sides of every individual at great distances, 369 ultimately increasing identification uncertainty (Augustine et al. 2018 ).
Other aspects of cheetah population ecology could be modeled with different or more 371 complex analytical approaches to the individual encounter data we generated with the surveys. 372
Our primary objective was a comparison between 2005 and 2013-2016, so we focused on 373 understanding how best to estimate density within a given year (or seasonal period), while 374 accommodating the sparse data from 2005. We hypothesized that individual space use and, thus, 375 any individuals with encounters that spanned the full period (10 months) were included in the 590 spatial capture-recapture models for all 3 periods. 591 Figure S1 . Grid cells illustrating state space used in the spatial capture-recapture models, with 604 delineations of blocks according to survey effort. Light gray cells occurred in areas not searched 605 but included as a buffer for population estimation. 606
